The aim of this study was to investigate the mechanical and thermal properties of denture polymethyl methacrylate (PMMA) reinforced with aluminum borate whiskers (ABWs). To improve bonding between ABWs and PMMA matrix, the surface of ABWs was modified with a silane coupling agent. Varied contents of silanized ABWs -ranging between 1 and 20 wt%-were mixed into the PMMA resin matrix to prepare ABW/PMMA composites, which were subjected to three-point bending test, Vickers hardness test, and thermal analysis. Silanized ABWs improved the flexural strength, surface hardness, and thermal stability of PMMA. Optimal amount of ABWs in the PMMA matrix was 5 wt%, which provided the ABW/PMMA with maximum reinforcement.
INTRODUCTION
Polymethyl methacrylate (PMMA) was introduced as a denture base material in 1937 by Dr. Walter Wright 1) . It is still widely used as such because of these desirable attributes and handling characteristics: low cost, easy handling and processing, easy to polish and repair, and excellent esthetics and biocompatibility in the oral environment 2) . However, PMMA denture base material is not ideal in every respect and has disadvantages such as insufficient surface hardness, poor wear resistance, and low flexural strength 3) , the latter being the common cause of fracture of denture base resins 4) . To circumvent the less-than-ideal mechanical properties of PMMA denture base material, diverse methods have been attempted. One means is to overcome the mechanical deficiencies of PMMA by using alternative polymers, such as polystyrene, polyethylene, and urethane dimethacrylate [5] [6] [7] [8] . Other methods include modifying the PMMA chemical structure via copolymerization or incorporating reinforcing additives.The most commercially successful method is rubber toughening, but rubber-toughened PMMA has compromised flexural properties 9) . Other reinforcing agents include the metal wire 10) , filler particles 11) and glass fibers 12) . These reinforcing agents are also less than ideal with their own share of pros and cons. Metals do not chemically bond to resins; they also adversely affect the esthetic results of resins. Glass fibers meet the esthetic requirements and can chemically bond to the resin matrix after silane treatment. However, glass fibers are difficult to be mixed homogeneously with resin, thereby resulting in inadequate impregnation of the fibers with the resin 13) . Whiskers are short, fiber-shaped, single crystals with high perfection and very large length-to-diameter ratios. Owing to their perfect crystal structure, whiskers typically have very high tensile strengths which approach the binding forces of adjacent atoms 14) . In continuous effort to improve the mechanical properties of polymers, whisker-reinforced polymeric composites such as epoxy composites and cyanate ester resin were developed 15, 16) . Amongst the whisker reinforcement materials, aluminum borate (Al 18B4O33) whiskers -first developed in 1980s-offer superior mechanical properties at a low cost 17, 18) . However, reports on the use of aluminum borate whiskers (ABWs) to reinforce the PMMA denture base material are scarce.
In the present study, we fabricated ABW/PMMA composites and investigated the reinforcement effects of ABWs in PMMA by measuring flexural strength, surface hardness and thermal stability. The null hypothesis was that the incorporation of ABWs in PMMA resin would have no effect on the flexural strength, surface hardness, and thermal stability of ABW/PMMA composites.
MATERIALS AND METHODS

Materials
Denture base resin powder (type II) and denture base resin liquid (type II) were obtained from Shanghai Medical Instruments Co., Ltd. (Shanghai, China; batch no. 201103,). Aluminum borate whiskers (diameter <1.5 µm, length: 5-30 µm) were obtained from Shanghai Whisker Composites Co. Ltd. (Shanghai, China). Silane coupling agent (Z-6030) was purchased from Dow Chemical Company (USA). Other chemicals used in this study were of analytical reagent grade.
Silanization of aluminum borate whiskers
Ethanol and distilled water was mixed at a weight ratio of 9:1 to prepare the solvent, and its pH was adjusted Mechanical and thermal properties of denture PMMA reinforced with silanized aluminum borate whiskers to 4.0-5.0 by acetic acid. 5 wt% of silane coupling agent was delivered by drops into the solvent, and the reaction mixture was stirred for 1 h using a magnetic stirring apparatus to undergo hydrolysis.
Aluminum borate whiskers (ABWs) were completely dispersed in distilled water, five times the weight of whiskers, through an ultrasonic vibration apparatus for 5 min. Through controlled delivery via drops, hydrolyzed silane was mixed with 2 wt% of whiskers for 10 min and then the mixture was set aside for 30 min. After filtration and drying in a vacuum oven at 120°C for 24 h, silanized whiskers were obtained.
Fourier transform infrared (FTIR) spectroscopy
To assess if ABWs were surface-modified with silane coupling agent, the treated ABWs were examined using an FTIR spectrometer (Equinox 55, Bruker Co., Ettlingen, Germany) over a wavenumber range of 400-4,000 cm −1 .
Preparation of ABW/PMMA composites
Silanized ABWs of 1, 2, 3, 4, 5, 10, 15 or 20 wt% and PMMA powder were mixed by ball milling at a speed of 180 rpm (revolutions per minute) for 10 min. Dry grinding of the mixed powder was performed for 120 min with a planetary ball mill (XQM, Nanjing Kexi Laboratory Apparatus Research Institute, Nanjing, China). Dry-ground powder was then mixed with MMA monomer at a 2:1 powder-to-liquid ratio. Table 1 shows the composition of ABW/PMMA composites prepared in this study. Standard specimens 19) (Length 64 mm; width 10.0±0.2 mm; height 3.3±0.2 mm) were obtained after the composite mixture was cured in metal molds at room temperature. Six specimens were prepared for each test group, according to the content of ABWs. In each test group, the Unmodified group served as the control which comprised ABW/PMMA composite specimens prepared from non-surface-treated ABWs. The Blank group comprised pure PMMA specimens.
Three-point bending test
After storage in a water bath at 37 o C for 48±2 h, the flexural strengths of the composite specimens were measured using a three-point bending test. Using a universal testing machine (EZ20, Lloyd Instruments Ltd., UK), flexural strength tests were carried out with a support span of 50 mm and at a crosshead speed of 5 mm/min until failure occurred 20) .
Vickers hardness test
Specimens were randomly chosen from each test group for Vickers hardness test according to ISO 6507-3:2005 21) . After polishing to a mirror finish, six points on each specimen were selected for Vickers hardness measurement using a microhardness tester (HX-1000, Shanghai Taiming Optical Instruments Co., Ltd., Shanghai, China). Vickers hardness was determined by applying a 50 g (0.49 N) load for 10 s.
Thermogravimetric analysis (TGA)
The thermal stability properties of modified and unmodified ABW/PMMA composites were evaluated by TGA. TGA measures weight changes in a material as a function of temperature under a controlled atmosphere. In this study, the weight changes of specimens were evaluated within a temperature range of 25-900°C under N 2 atmosphere. Specimens were heated from 25°C to 900°C at a heating rate of 10°C/min with a gas flow rate of 40 mL/min (SETSYS Evolution TGA, Setaram Instrumentation, France).
Scanning electron microscope (SEM) observation
A field emission scanning electron microscope (FE-SEM; Sirion 200, FEI Company, USA) was used to observe the distribution of non-surface-treated and silanized ABWs in Unmodified and Modified ABW/PMMA composites respectively.
After three-point bending testing, features of the fractured surfaces of each test group were also observed using FE-SEM.
Statistical analysis
Data were analyzed by one-way analysis of variance (one-way ANOVA) using SAS 6.12 statistical software. Multiple comparisons of the means among test groups were performed using the Student-Newman-Keuls multiple range test, with the value of significance set at p<0.05. Figure 1 shows the FTIR results of surface-modified ABWs. The absorption peak at 2,923.6 cm -1 belonged to -CH3. The peaks at 1,654.6 cm -1 and 1,110 cm
RESULTS
FTIR
represented the stretching vibrations of C=O bond and Si-O bond in coupling agent γ-methacryloxypropyl trimethoxysilane (γ-MPS), indicating that γ-MPS was successfully grafted on the surfaces of ABWs. Table 2 shows the flexural strength results. The composites reinforced with 5 wt% silanized ABWs achieved the highest flexural strength, which was approximately 30% higher than the Blank group and 28% higher than its own Unmodified control group. Oneway ANOVA revealed that the flexural strength of 5 wt% Modified group was significantly different from all other As the amount of silanized ABWs increased from 1 wt% to 5 wt%, so did the flexural strength of ABW/ PMMA composites. However, flexural strength started to decline when the amount of silanized ABWs was above 5 wt%. Table 3 shows the Vickers hardness results. As the amount of silanized ABWs increased from 5 wt% to 15 wt%, the surface hardness of modified ABW/PMMA composites increased and reached the maximum in the 15 wt% group, which had a significant difference from all the other groups (p<0.05). Amongst the Modified groups, lowest surface hardness was found in the 5 wt% group. The latter was significantly different from its own Unmodified control group, the Blank group, and the 15 wt% Modified group (p<0.05), but had no significant differences compared to the other groups. When the amount of silanized ABWs was over 15 wt%, surface hardness was found to decrease. Figure 2 shows the TGA results generated with pure PMMA and ABW/PMMA composites containing 5, 10, 15 and 20 wt% of silanized ABWs. The plot shows the percent mass as a function of temperature for pure PMMA and ABW/PMMA composites under a nitrogen purge.
Flexural strength
Surface hardness
Thermal stability
Specimens began to undergo thermal degradation at 120ºC, with a total mass loss at 81.6% (pure PMMA), 86.4%, 90.0%, 90.4% and 92.3% respectively. Thermal stability of the composites increased as the ABW content increased from 5 to 15 wt%, indicating that ABW/PMMA composites had a higher thermal stability than the pure PMMA. Therefore, silanized ABWs improved the thermal stability of ABW/PMMA composites.
Distribution of whiskers and fracture surface analysis
SEM observations of whiskers' distribution are presented in Figs. 3 and 4 . Unlike the non-surfacetreated whiskers, ABWs surface-modified with silane coupling agent distributed evenly and adhered to each other in the PMMA matrix.
For the Unmodified ABW/PMMA composite, the fracture surface showed an irregular topography ( Fig.  5(a) ). Some cracks with sharp edges were visible, which were characteristic of a brittle fracture. For the Modified ABW/PMMA composite, the fracture surface showed a ductile dimple pattern typical of a ductile fracture (Fig.  5(b) ).
In the Unmodified control groups of 5 wt% (Fig. 5(c) ) and 20 wt% (Fig. 5(e) ), agglomerations of unsilanized ABWs were clearly observed by SEM. In sharp contrast, silanized ABWs were well dispersed in the PMMA matrix in the Modified groups of 5 wt% (Fig. 5(d) ) and 20 wt% (Fig. 5(f) ).
DISCUSSION
The toughening mechanisms of ABWs included crack deflection, crack bridging, and frictional pullout 22) . Endowed with high strength and modulus because of their nearly perfect crystal structure, ABWs altered the crack propagation path when a crack extended to the whiskers, and hindered crack propagation by creating a tortuous path that dissipated energy. In the region immediately behind the crack tip, ABWs formed bridges across crack surfaces to resist crack propagation. The crack would usually not extend unless an increased stress was applied. Whisker pullout occurred when tensile stress was transferred to the whisker in the wake of a matrix crack. Shear stress generated during matrix cracking might be greater than the whisker-matrix interfacial shear strength 23) . Compromised interface integrity allowed the whisker to pull out from the matrix on either side of the advancing crack instead of continuing through the whisker. The friction from this pullout dissipated a large amount of energy, leading to improved toughness of the ABW/PMMA composite.
To improve bonding between ABWs and the PMMA matrix, the ABWs were surface-treated with a silane coupling agent. FTIR results in Fig. 1 showed that γ-MPS was indeed successfully surface-grafted on ABWs. γ-MPS is a bi-functional monomer, with the hydroxymethyl groups substituted by hydroxyl groups for attachment to the ABWs. γ-MPS also contained C=C bonds which reacted with the PMMA matrix during the curing process. Therefore, the silane coupling agent acted as a "molecular bridge" to establish chemical bonding between ABWs and the PMMA matrix. Consequently, the flexural strength of ABW/PMMA composites was enhanced because more energy was needed to break the strong chemical bonds between both materials. Data presented in Tables 2 and 3 on flexural strength and Vickers hardness showed that the mechanical properties of modified ABW/PMMA composites were superior to those of the unmodified specimens, a clear indication that surface treatment with silane coupling agent contributed to improved strength and hardness.
Further contrasts in Figs. 3 and 4 showed that silanized ABWs were evenly distributed in and well adhered to the PMMA matrix compared to the untreated ones. In Fig. 5(f) , silanized ABWs were impregnated with resin and well embedded in the resin matrix; in Fig. 5(e) , the surfaces of unsilanized ABWs remained clear and smooth with poor adhesion to the resin matrix. These stark differences revealed by SEM thus accounted for the differences in flexural strength and surface hardness between silanized and unsilanized ABWs of the same amount in each ABW/PMMA composite. It should also be mentioned that when ABWs were evenly dispersed in the resin matrix, the large interfacial area between ABWs and the PMMA matrix rendered the ABWs a higher capacity to absorb and dissipate impact energy, thereby improving the toughness of modified ABW/ PMMA composites 24) . Ball milling helped to distribute the ABWs homogeneously and uniformly in the PMMA resin matrix to provide reinforcement effect -up to the optimal content of ABWs in the matrix. When ABW content exceeded its optimal amount, entanglement and agglomeration of the whiskers occurred. Increase in ABW content caused it to become increasingly difficult to separate the whiskers and keep them well separated and properly dispersed in the resin matrix 25) . As shown in Tables 2 and 3 , increase in ABW content caused the flexural strength and surface hardness to increaseuntil the optimal amount was reached. For flexural strength, the optimal amount was 5 wt% of ABWswhich when exceeded caused the flexural strength to decline. For surface hardness, the optimal amount was 15 wt%, such that surface hardness became significantly lower at 20 wt% of ABWs.
For denture base material, flexural strength is of prime importance amongst a host of properties such as water sorption, aging, dimension stability, and biocompatibility. For this reason, 5 wt% of ABWs was determined as the optimal amount to fabricate a successful reinforced denture base material with enhanced mechanical properties for removable partial dentures. Results of this study also rejected the null hypothesis and demonstrated that PMMA reinforced with ABWs provided ABW/PMMA composites with improved flexural strength, surface hardness, and thermal stability.
To date, biocompatibility reports on ABWs are scarce because it is only recently used for commercial applications. In our previous study on the cytotoxicity of ABWs, they were found to have lower cytotoxicity and solubility than other inorganic fillers. Nonetheless, further investigates are absolutely necessary to ascertain the biocompatibility of ABWs. If the flexural strength, esthetic properties, biocompatibility, and dimensional stability exhibited by ABWs are proven to be clinically satisfactory, they would be an important addition to the list of options available for removable partial dentures and other esthetic dental restorations.
CONCLUSIONS
Within the limitations of this study, the following conclusions were drawn:
1. Aluminum borate whiskers surface-treated with silane coupling agent were capable of reinforcing the PMMA denture base resin to provide improved flexural strength and surface hardness. 2. The optimal amount of silanized aluminum borate whiskers in the PMMA matrix was 5 wt%.
